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2 Zubko & Elitzur
i et al. 1995), and its outer diameter 36
0
, in agreement





























Fig. 1.| The spectral energy distribution of W Hya. Data in-
dicated by lled squares (NIR) are from Wilson et al. (1972); open
squares (IRAS) from Hawkins (1990); lled circles (JCMT) from
van der Veen et al. (1995) and Walmsley et al. (1991). The thin
solid line shows the ISO data of Barlow et al. (1996). The bold
solid line is our model result.
2.2. Water Lines
The statistical rate equations for the water level popu-
lations require the following input: the radiation eld, to
determine radiative excitations; the gas density and tem-
perature, for the collision rates; and the water column den-
sity, required for the line radiative transfer (Elitzur 1992).
DUSTY's output provides the radiation eld as well as
the dimensionless velocity and density proles in the shell.
Fixing the scale of densities requires two additional input
properties. We take the distance d = 115 pc from the Hip-







1 pc, and the luminosity is 11,050 L

in agreement with





(Young 1995) xes the velocity scale and deter-
mines the gas-to-dust mass ratio r
gd









. The complete velocity
prole is shown in gure 2 together with the data for OH
and H
2
O masers as well as CO thermal emission. All are
properly explained by the model results. The SiO data is
displaced from the wind velocity prole, as expected for
this maser's location inside the dust formation zone (cf
Elitzur 1992).
The only required input quantities that remain unknown
are the gas temperature and water abundance, and we
t those simultaneously from the water line observations.
We calculate the temperature from the balance of cooling
and heating due to adiabatic expansion, grain-gas colli-
sions and H
2
O rovibrational transitions (we estimate the
H
2
vibrational contribution and nd it negligible). We
solve for the populations of the lowest 45 rotational lev-
els of the ground vibrational state of ortho- and para-
water; this accounts for all levels with energy . 2000 K
above ground. The molecular data are from the HITRAN
database (Rothman et al. 1998), the collision rate coeÆ-
cients from Green et al. (1993). The level populations and
line emissivities are calculated with the escape probabil-
ity method as functions of distance r, and the line uxes
by integrating the line emissivities over the shell volume.
The free parameters are the abundances of the two wa-
ter species, which must be considered independently since
there is no radiative coupling between them. Detailed
modeling shows that these abundances are constant in the
region where the water emission originates (CN, TB). Be-
cause of the central role of H
2
O in the energy balance,
the calculations of the temperature and water line emis-
sion are coupled, and repeated until the best t achieved







and the ratio or-
tho:para = 1:1.3. Figure 3 shows the temperature prole.
The model parameters are summarized in Table 1, results
and comparison with observations in Table 2.
r (cm)





















Fig. 2.| The model prediction for the gas velocity prole. Data
points (from Szymczak et al, 1998) show the H
2
O and OH maser
and CO thermal emission from the wind. The SiO maser emission
originates in the extended atmosphere.
3. DISCUSSION
Our model ts all the water lines within the observa-
tional errors, which generally exceed 50%. The quality of
the t for the LWS data is comparable to that of the B96
model. For the SWS data N96 present a range of models
for each line, and our model ts that data set better than
any single one of them. Therefore, our model resolves the
conict among the previous water line calculations, tting
all the data with a single value for the mass loss rate. It
is important to note that
_
M is determined by the infrared
data and v
e
, and remains unchanged during the model-
ing of the water lines. We nd that the acceptable range
of
_













. Except for the high-end of the N96
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range, most estimates of
_
M are in agreement with ours













Fig. 3.| The gas temperature prole from our best-t model.
Shown are also power-law ts for the Goldreich & Scoville (GS) and
Chen & Neufeld (CN) temperature proles.
The source of the large discrepancy with N96 is not
clear. Neufeld et al suggest that the temperature prole
could be the reason, but this does not seem to be the case.
Our temperature prole is not that dierent from the CN
prole, which was used in the N96 study, especially in the
relevant range T & 400 K (gure 3). We compared the
various contributions to heating and cooling with those
listed by CN and Neufeld & Kaufman (1993), and nd
good agreement; the dierence in resulting proles can be










proles dier much more with the GS prole employed in
the B96 model, which produced
_
M similar to ours. We
suspect that a more important source of dierence could
be the radiation eld, since radiative excitations play an
important role in the water population distribution. A
comparison is impossible since N96 do not give details of
the radiation eld they employed. A proper radiation eld
appears crucial for the water line calculations.
The uncertainty in tted parameters depends on the
particular observations that constrain them. We estimate
that the acceptable range for r
gd
is  850100. We exper-
imented with both power-law and single-size (a = 0.1 m)
grain distributions and found the dierences negligible.
The large uncertainties in the measured line uxes trans-
late into a large uncertainty in the abundances of the two
species of water. Between the two, the para-H
2
O abun-
dance is subject to the larger uncertainty and can vary by
as much as factor 3, so that the ortho:para ratio can be
anywhere from 1 to 1/3. By comparison, B96 obtained 1
for this ratio. All of these results dier greatly from the
thermodynamic limit of 3. Depending on the ortho:para








In the modeling eorts of both B96 and N96,
_
M was
one of numerous free parameters tted from the water line
observations. The scaling approach taken here reduces
the number of free parameters to the essential minimum
and determines
_
M prior to the water line tting. Table 1
breaks the model parameters into three categories. Quan-
tities in the rst division are specied as input, in addition
to the IR and water observations. The second group in-
cludes the free parameters of our two tting procedures
while the third group lists results derived from our ts.
Given grain properties, the IR observations are tted with




and Y and the single in-
dependent input T

. The resulting model determines also
the dimensionless velocity prole. Adding as independent
input the source distance and the wind nal velocity, the





M and the gas-to-dust ratio. Fitting the wa-
ter lines involves no other input and only two free parame-
ters | the ortho- and para-water abundances. Thanks to
the central role of water lines in the gas temperature calcu-
lation, the gas temperature is determined self-consistently
as part of this second tting procedure. Since the only
free parameters in tting the observed water uxes are
the abundances of the two species, condence in the de-
rived values is greatly enhanced. In principle, we could
have used
_
M as a free parameter in the water calcula-
tions, as in the previous studies. In that case, consistency
between the results of the two tting procedures would be
used as an additional constraint, automaticallymet by our
calculation.
While radiation pressure on the dust grains is generally
accepted as the driving mechanism behind the wind ex-
pansion, this mechanism has not been fully tested. The
solutions of radiative transfer and the hydrodynamics
problems must result in the same parameters, but this
fundamental test has not been performed thus far; self-
consistent modeling of both the IR emission and the wind
structure in the same source has not yet been attempted.
The most detailed previous calculation we are aware o
is the TB modeling of R Cas. However, in that work the
radiation eld was not calculated self-consistently, instead
it was derived from a dust temperature prole that was
assumed beforehand as an input property. In contrast,
DUSTY determines this temperature from a proper cal-
culation of radiative equilibrium coupled to the radiative
transfer including dust scattering, absorption and emis-
sion. The spectral energy distribution is tted with just
three free parameters, only one of which (
V
) is signi-
cant. Once these parameters are set, the outow terminal
velocity determines the entire velocity prole without any
more freedom in the model. It is highly signicant that
a single self-consistent model with the minimal necessary
number of parameters provides agreement with both the
spectral energy distribution and the molecular velocity ob-
servations. Apart from resolving the
_
M discrepancy in W
Hya, the success of our model provides strong support for
the basic paradigm of winds in late-type stars.
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Optical depth at 0.55 m
I
0.83





























Stellar luminosity 11,050 L












Gas-to-dust mass ratio 850
Shell outer radius (R
out
) 1.2 pc
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Table 2
Observed and model fluxes of H
2
O lines




















































































































Note. | Ortho transitions are marked by \o",
para by \p". The 57{180 m lines are from Bar-
low et al. (1996), the 29{41 m lines fromNeufeld
et al. (1996).
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This line is severely contaminated by blending
with two others.
